Abstract. The mammalian neocortex is composed of a diverse population of neuronal and glial cells that are crucial for cognition and consciousness. Orchestration of molecular events that lead to the production of distinct cell lineages is now a major research focus. Recent studies in mammalian animal models reveal that Sonic Hedgehog (Shh) signaling plays crucial roles in this process. In this review, we will evaluate these studies and provide insights on how Shh signaling specifically influence cortical development, beyond its established roles in telencephalic patterning, by specifically focusing on its impact on cells derived from the cortical radial glial (RG) cells. We will also assess how these findings further advance our knowledge of neurological diseases and discuss potential roles of targeting Shh signaling in therapies.
populate the mature neocortex. In the mouse, RGs initiate neurogenesis at embryonic day (E) 10.5 and continue until around E17 to produce PNs directly or indirectly via intermediate progenitors (IP) that occupy the adjacent subventricular zone (SVZ) [6] . Distinct PN lineages destined to specific cortical layers are typically produced in consecutive waves in an inside-out fashion, such that early born PNs migrate into the developing neocortex to settle in the deep layers (layers 5-6) while later born PNs form the upper layers (layers 2-4). Towards the end of cortical neurogenesis, gliogenesis commences with the generation of oligodendrocytes by E16.5 and followed by the generation of astrocytes by postnatal day (P) 1. RGs either generate oligodendrocyte (OPC) or astrocyte (APC) precursors, or transform into astrocytes themselves during gliogenesis [7] . As with PNs, recent studies have begun to uncover diverse features of oligodendrocyte and astrocyte subtypes that can have implications in the development and maintenance of neuronal circuits [8, 9] . To date, as with PNs, the mechanisms regulating glial subtype specification from cortical RG cells are largely unexplored.
The molecular players that regulate RG cell behavior, such as its proliferation, specification, and differentiation into diverse precursor populations and post-mitotic cell types are now beginning to be elucidated. Throughout this process, Sonic hedgehog (Shh) signaling is now emerging to be a key player in regulating various steps in neurogenesis and gliogenesis to ensure the proper generation of PNs and glial cells, specifically from RG cells in the germinal zones of the embryonic neocortex. In this review, we will discuss recent findings on the dynamic roles of Shh signaling, specifically in RG cells of the neocortex, to influence cortical development and its potential implications in the pathogenesis of neurological disorders.
SOURCES OF SHH LIGANDS AND EXPRESSION PATTERNS OF PATHWAY GENES DURING CORTICOGENESIS
The Shh signaling pathway is an evolutionarily conserved signaling network with broad roles in development, function, and disease. Activation of Shh signaling is initiated upon binding of extracellular Shh ligands to Patched (Ptch) transmembrane receptor and its co-receptors: Celladhesion-molecule-related/Downregulated by oncogenes (Cdon), Biregional Cdon-binding protein (Boc), and Growth Arrest Specific 1 (Gas1) [10] [11] [12] . Binding of Shh relieves the inhibitory binding of Ptch on the transmembrane receptor protein Smoothened (Smo) [13, 14] . Smo release from Ptch inhibition leads to a cascade of intracellular events resulting in the activation of the zinc-finger transcription factor, Gli, and its nuclear translocation and expression of Shh target genes to regulate Shh-dependent processes [15] . Shh ligands are secreted morphogens able to act in a paracrine or autocrine fashion by forming concentration gradients with short-and long-range transcriptional effects [16, 17] . In mammals, there are three known Shh ligands: sonic hedgehog (Shh), desert hedgehog (Dhh) and indian hedgehog (Ihh). Shh ligand is the best characterized and has been detected in the developing neocortex. Much less is known on the expression patterns of Ihh and Dhh in the developing neocortex, although Ihh has been detected in cultured cortical progenitors [18] . In the developing neocortex, expression of Shh has been detected in tangentially migrating interneurons, Cajal-Retzius cells localized in the marginal zones, the VZ/SVZ, and postmitotic neurons [19, 20] . Shh in the cerebrospinal fluid (CSF) is also a potential source of Shh throughout corticogenesis to influence the behavior of neural stem/progenitor cells lining the lateral ventricles. Indeed, expression of Shh mRNA is detectable in the choroid plexus of the lateral ventricle [21] and Shh has been detected in telencephalic CSF [22, 23] . Other potential sources of Shh are epithelial cells and the developing vascular system, which release Shh-containing microvesicles [24] [25] [26] . In the developing human fetal telencephalon, strong mRNA levels of Shh are detected in cells within the cortical plate and the subplate, and lower levels of Shh mRNA expression are observed in the VZ and SVZ [27] . The exact contributions of these potential sources in the developing neocortex and how varying levels of Shh throughout corticogenesis affect the generation of specific neuronal and glial lineages are unclear. In other tissues, extracellular levels of Shh exert differential effects on progenitor behavior to influence their differentiation into distinct cell types [28] [29] [30] , and can therefore similarly affect the production of specific cell lineages from NSCs in the developing neocortex (Fig. 1) .
The vertebrate Gli family of zinc-finger transcription factors, Gli1, Gli2, and Gli3, are the main effectors of Shh signaling [31] . Full-length Gli proteins act as transcriptional activators and transform into transcriptional repressors when cleaved. In the developing neocortex, Gli2 and Gli3 are predominantly expressed in their cleaved repressor forms (Gli2R and Gli3R, respectively) at early stages of corticogenesis and are prominently expressed in the proliferative VZ/SVZ during corticogenesis [20] . Gli2 expression is largely absent at later stages while expression of Gli3 persists particularly as a repressor [32] . Since Shh ligands are present in the developing neocortex, the prevalence of Gli repressors emphasize the importance of controlling Shh signaling activity. As we will discuss below, loss of Shh signaling in the developing neocortex has profound effects indicating that modulation of Shh signaling activity, rather than its complete deactivation, is an important regulatory step throughout corticogenesis. Indeed, Shh target genes include Ptch1 in order to induce a negative regulatory feedback mechanism to control the progression of the Shh signaling cascade.
Regulation of Shh signaling can be mediated upstream of the pathway at the level of Ptch1 expression. Patched 1 (Ptch1) mRNA is present at relatively low levels from E11.5 to E18.5 [21, 33] particularly in Nestin-expressing cells within the VZ of the embryonic neocortex [34] . As mentioned above, Ptch1 exerts its inhibitory effect upstream of Shh signaling through its repressive binding of Smo in the absence of Shh ligands. The exact mechanism of this inhibition has not been completely characterized in the developing neocortex and may include Smo conformational change from an active to inactive state, cellular membrane changes, activation of intracellular modulators, or prevention of Smo accumulation in the primary cilia which are essential Shh transduction sites in mammalian cells [14, 35, 36] . Additionally, the Shh co-receptors Boc and Cdon may contribute in facilitating Smo inhibition particularly since the expression of these proteins are spatially maintained at high levels in cortical progenitors in the VZ/SVZ of the developing neocortex [37] [38] [39] .
Downstream of Smo, the cytoplasmic protein Suppressor of Fused (Sufu) regulates the activity of Gli transcription factors. Sufu exerts this role by regulating the stability, cytoplasmic-nuclear translocation, and proteosomal degradation or modification of Gli [40] [41] [42] . In the embryonic neocortex, high levels of Sufu mRNA expression are exclusively detected in the VZ/SVZ during corticogenesis. This expression pattern supports a role for Sufu in influencing the behavior of neural progenitors during corticogenesis by regulating the stability of Gli2 and Gli3 at early stages and the formation of Gli3R at later stages [43] . Overall, the presence of positive and negative regulatory mechanisms to modulate Shh signaling activity in the embryonic neocortex profoundly influences the behavior of cortical progenitors at various stages of corticogenesis.
MITOGENIC ROLES OF SHH SIGNALING IN CORTICAL PROGENITORS
Complete loss of Shh is deleterious in the developing embryo, emphasizing the critical roles of Shh signaling in developmental processes [44] . In the central nervous system (CNS), particularly in the developing forebrain, Shh signaling has prominent roles in the patterning of the dorsal and ventral axis [45] . This step establishes the molecular properties of the neurogenic zones in the dorsal and ventral forebrain, which is a crucial step in the generation of appropriate cell types: the ganglionic eminences of the ventral forebrain produce interneurons, whereas the VZ/SVZ of the neocortex produce glutamatergic PNs. Subsequently, the ventral forebrain maintains high levels of Shh signaling throughout corticogenesis, whereas Shh activity has been largely undetected in the developing neocortex. Studies in mice carrying conditional knockout alleles of pathway genes reveal that the mitogenic roles of Shh signaling extend to specific cortical progenitor populations during corticogenesis. Conditional deletion of Shh or Smo in Nestin-expressing cells of the neocortex by E12.5 cause microcephaly and result in lethality by postnatal day (P) 19 [46, 47] . Ablation of these genes at E12.5 does not disturb telencephalic patterning but profoundly affect proliferation by prolonging the cell cycle length of cortical progenitors within the VZ/SVZ at E13.5 [19] . These altered cell cycle kinetics result in a significant decrease in the numbers of Tbr2+ IP cells and consequently lead to the reduction of PNs in superficial layers 2-4. Milder phenotypes of Gli2 null mice (that are not exencephalic) show thinner neurogenic regions as a result of significantly fewer dividing cells at mid-to latestages of corticogenesis, particularly in the SVZ [48] . Altogether, these studies point to a critical role for Shh signaling in regulating IP proliferation during corticogenesis.
The effect of Shh signaling on IP proliferation is sensitive to Shh levels. Shikata and colleagues used in utero electroporation to overexpress varying levels of Shh beginning at E13.5 and found differential effects on cortical development [49] . In areas with low to moderate levels of Shh overexpression (fewer than 20 cells transfected with Shh expression vector), significant increases in Tbr2+ IPs were evident. Interestingly, low levels of Shh expression resulted in higher numbers of IP cells, compared to moderate levels. Indeed, areas with high Shh levels (areas with over 20 cells transfected with Shh expression vector) did not show any increase in Tbr2+ cells. Rather, progenitor fate specification was compromised. These findings indicate that Shh levels critically affect IP cell behavior, in that a mild increase in Shh activity can enhance IP proliferation while a moderate to high increase in Shh activation alters IP identity.
Modulators are in place to control endogenous Shh signaling. Mice carrying hypomorphic or floxed alleles of Ptch1 displayed defects in the proliferation of both RG and IP cells [34, 49] . Removal of Ptch1 in Nestin+cortical progenitors at E11.5 resulted in extensive folding and decreased cortical thickness due to an increase in symmetrically dividing RG cells, at the expense of neurogenic division, thereby reducing IP cell production [34] . On the other hand, inactivation of Ptch1 in the neocortex of the E17-E18 mouse abolished RG self-renewal, indicating enhanced transition of RG progenitors to IP cells [49] . Similarly, deletion of Cdon, results in extensive cortical thinning partially due to reduced proliferation and differentiation of cortical progenitors [39] . Downstream of Shh receptors, Sufu and Gli have been shown to affect progenitor proliferation. Deletion of Sufu at E13.5 result in ectopic activation of Shh activity leading to an increase in the proliferation of IPs in the SVZ, and consequently, an increase in upper layer 4 PNs [50] . Similarly, reduction or complete removal of Gli3R accelerate the cell cycle [51] and ultimately lead to the failure of RG progenitors to self-renew [32] . Under these conditions, RGs prematurely exit the cell cycle and are unable to maintain the IP pool during the course of corticogenesis resulting in a decrease in the number of upper layer PNs in the postnatal neocortex.
Recent studies identified interesting new roles of Shh signaling in regulating specific progenitor subpopulations in the developing neocortex. Constitutive activation of Shh signaling achieved by expressing a constitutively active form of Smo (SmoM2; [52] ) in cortical progenitors in mid-corticogenesis, results in an increase in the proliferation of Tbr2+ IPs and promotes the expansion of basal RGs (bRGs) [53] . bRGs are neural progenitors that exist in very small numbers in the mouse but are a predominant progenitor population in the developing human neocortex [54, 55] . bRGs undergo extensive symmetric and selfrenewing asymmetric divisions to generate mostly upper layer PNs. Expansion of upper layer PNs are responsible for the large and folded neocortex present in primates and are thought to significantly contribute to the increased cortical size and functional complexity of the human brain [56] . Wang et al. observed that under high levels of Shh activation, bRGs and IPs remained in the cell cycle longer than controls, indicating an increase in self-renewal. This increase in bRGs and IPs consequently resulted in an increase in SatB2+ upper layer PNs and induced folding of the cingulate cortex. The findings by Wang et al.
(2016) revealed a specific role for Shh signaling pathway in controlling bRG numbers in developing neocortex and provide insights on the mechanisms contributing to the evolution of the human neocortex.
ROLES OF SHH SIGNALING IN THE SPECIFICATION OF CORTICAL PROGENITORS
Cortical progenitors in the developing neocortex are highly heterogeneous and are distinguished according to unique transcriptional programs that remain dynamic during corticogenesis [57] [58] [59] [60] . As a morphogen, Shh can trigger differential gene expression changes temporally and spatially that may influence progenitor heterogeneity and their ability to produce specific progenies throughout corticogenesis. Supporting this, ectopic activation of Shh signaling, as a result of removing Sufu or activating SmoM2 specifically in Emx1+ cortical progenitors using the Emx1-Cre driver [61] can alter the molecular identities of RG and IP progenitors [43] . RG and IP progenitors that lack Sufu ectopically express Dlx2 and Ascl1, markers of ventral forebrain progenitors, yet are still able to differentiate into cortical PNs that distinctly express PN-specific markers. However, these PNs are largely misspecified in that upper layer Cux1+ or Brn2+ cortical PNs also express markers for deep layer PNs such as Ctip2 [43] . These defects were only observed in mice in which Sufu deletion occurred at E10.5, but not at E13.5 [43, 53] . Moreover, Sufu deletion in Emx1+ cells at E10.5 did not cause defects in dorsoventral forebrain patterning. Thus, specification and production of molecularly distinct upper layer cortical PNs, which are largely generated at E14-E16, are dependent on the inhibition of Shh activity in cortical progenitors at earlier stages of corticogenesis.
Gli transcription factors, particularly Gli3R, influence the specification of neuronal subtypes in the developing neocortex. The fate of cortical progenitors is dependent on Gli3 since deletion of Gli3 in Emx1+ cortical progenitors at early stages of corticogenesis prolongs the production of deep layer Ctip2+ PNs at the expense of upper layer Cux1+ PNs [32] . The repressor function of Gli3 is especially important in this process since restoration of Gli3R levels reversed this phenotype. In correlation to these observations, the absence of Sufu at early stages of corticogenesis destabilized fulllength Gli3, which likely prevented the proteolytic cleavage and formation of Gli3R [43] . Curiously, mice that lacked Sufu or expressed constitutively active Smo in Emx1+ progenitors displayed more severe defects in PN specification compared to Gli3 mutant cortical progenitors at similar timepoints. Additionally, Amaniti et al., (2013) reported that specification of callosal PNs located in upper cortical layers are also unaffected when Gli3 is inactivated in Emx1+ progenitors [62] . Whether the requirement for Gli3R is partially compensated by an increase in Gli2 expression in cortical progenitors in which Gli3 is absent is plausible. It is also possible that additional downstream targets of Shh signaling, aside from those targeted by Gli3, may influence the specification of cortical progenitors. Whether Sufu affects the expression of these yet unidentified targets, independent of its role as a regulator of Gli transcription factors, is also a likely possibility.
The ectopic expression of Dlx2 and Ascl1 observed in cortical progenitors lacking Sufu [43] may have implications in the specification of human cortical progenitors. Dlx2 and Ascl1 are markers for ventral forebrain progenitors that eventually generate GABAergic interneurons [63] . Thus, whether a subset of mispecified cortical progenitors also continued on to generate GABAergic interneurons are not known. In humans and likely other primate species, Dlx2 and Ascl1 are highly expressed in the fetal proliferative zones of the neocortex and may generate a subpopulation of GABAergic interneurons [64] [65] [66] [67] . Given the expansion of bRG progenitors in SmoM2-expressing cortical progenitors, human cortical progenitors could have also acquired the ability to generate GABAergic interneurons partially due to increasing Shh signaling activity observed in the fetal human neocortex [53] . Indeed, detectable Shh mRNA is observed in the proliferative outer SVZ (where bRGs are largely localized), RG progenitors, and early post-mitotic neurons in the human fetal neocortex at mid-gestation (at ∼20 gestational weeks), a time of active cortical neurogenesis [53, 68, 69] . Furthermore, cultured human RG cells are Shhresponsive, and in the presence of exogenous Shh, can differentiate into Nkx2.1 lineage GABAergic interneurons [70] . These studies, although conducted in vitro, provide further insights on the evolutionary divergent mechanisms underlying the formation of a highly complex human neocortex.
ROLE FOR SHH SIGNALING IN CORTICAL GLIOGENESIS
Shh signaling has prominent roles in the regulation of gliogenic fates in the developing spinal cord and the ventral forebrain [18, 71, 72] . Surprisingly however, there are very limited studies on the roles of Shh signaling in glial production from cortical RG progenitors, which generate the vast majority of cortical oligodendrocytes populating the neocortex [72] [73] [74] . These studies are largely in vitro based but hint at potentially significant roles for Shh signaling in glial precursor proliferation and specification. For example, upon addition of Shh, cultured E13 or E15 rodent cortical RG progenitors can generate large numbers of oligodendrocytes and astrocytes but not neuronal progenies [75, 76] indicating that RG progenitors in the glial lineage at mid-to late-stage corticogenesis are highly responsive to Shh signaling. Similarly, cultured dorsal forebrain RG cells derived from human fetal brain are highly responsive to Shh, and significantly expand the number of Olig2+ OPCs [77] . Since sources of Shh ligands increase during the course of corticogenesis, this will likely influence the behavior of a growing number of Shh-responsive cortical progenitors. Furthermore, recent findings indicate that Shh signaling play significant roles in oligodendrocyte proliferation and specification in the postnatal forebrain, much of which are generated by neural stem cells (NSC) derived from embryonic cortical RG progenitors [6, [78] [79] [80] . With the recent characterization of molecularly diverse oligodendrocyte and astrocyte lineages in the forebrain [8, 9] , it would be interesting to determine whether Shh signaling is involved in the specification of distinct oligodendroglial and astroglial lineages from RG progenitors during cortical development.
IMPLICATIONS OF SHH SIGNALING IN NEUROLOGICAL DISORDERS
Abnormalities in neuronal number, differentiation, and connectivity in the neocortex commonly cause a spectrum of neurodevelopmental and cognitive disorders. In most cases, the cause of these disorders is attributed to known genetic changes. Inactivating mutations in genes associated with the Shh signaling pathway, for example, severely disrupt brain development and lead to malformations of the neocortex. Nonsyndromic holoprosencephaly, a condition in which the brain fails to form two distinct hemispheres, is commonly caused by inactivation of Shh [81] . Mutations in Shh receptors, Ptch1 and CDON, have also been reported in a number of human cases of holoprosencephaly [82, 83] . Mutations in Gli3 cause Greig cephalopolysyndactyly syndrome or acrocallosal syndrome, both are rare conditions characterized by polydactyly and severe brain abnormalities such as macrocephaly and callosal agenesis [84, 85] . Moderate to severe developmental delays and intellectual disabilities, as well as seizures, are typical in patients with these syndromes.
A number of cortical defects are caused by changes in the activity of Shh signaling independent of mutations in genes associated with the canonical Shh signaling pathway. This can occur in the presence of defects in the primary cilia, a microtubule-based organelle present in cortical progenitors that functions to integrate and transduce extracellular signals, including Shh signaling [86] . Mutations in genes that encode ciliary proteins, such as Kif3a, Ift88, and Katnb1, significantly disrupt Shh signaling, and contribute to a number of human ciliopathies with defects in cortical development [51, [87] [88] [89] . Altered Shh signaling is also thought to contribute to defects in neurogenesis leading to microcephaly in Down syndrome (DS), the most common genetic cause of mental retardation. Human fetal brains with DS and the Tg65DN mouse model of DS show high levels of Ptch1 overexpression in the VZ/SVZ of the developing forebrain, thereby repressing Shh signaling activity, as a result of the increase in transcriptional activity of Amyloid precursor protein intracellular domain [90] . Although the effect of Shh agonists in cortical progenitors have not been examined, it could be a promising therapy particularly since the Shh agonist SAG1.1 increased the proliferation of Shh-responsive cerebellar granule cell precursors in Ts65DN mice [91] . Altogether, these studies indicate that alterations in the activity of Shh signaling, particularly during corticogenesis, can have profound impact in cortical development and cause neurological disorders.
As recent studies in mammalian systems uncover important roles of Shh signaling in neuronal and glial specification in the developing neocortex, there is a need to investigate the potential contributions of Shh signaling in complex neurodevelopmental diseases that are polygenic in nature. Notably, upper layer PNs are critical for a number of higher associative cognitive functions and are prominently affected in developmental psychiatric disorders such as schizophrenia and autism. Studies point to aberrant control of cortical progenitor behavior as the cause of abnormal cortical circuitry in these disorders, including callosal projections formed by upper layer PNs [92] [93] [94] . We discussed in this review that alterations in Shh signaling specifically affect the proliferation and specification of cortical IP or bRG cells, which are major sources of upper layer PNs in mice and humans, respectively. Yet, studies that examine Shh signaling in the developing neocortex of mouse models of these diseases are largely lacking. This could be due to the largely absent bRG population in the developing mouse neocortex. It may be useful to utilize in vitro models of human cortical development such as human cerebral organoids formed from patient-derived induced pluripotent stem (IPS) cells [95] . Furthermore, whether variations in Shh signaling activity during corticogenesis affect maturation and connectivity of upper layer PNs produced by IPs and bRGs should be investigated. These inquiries can provide critical insights on how Shh signaling in human cortical progenitors contributes to the pathogenesis of neurological diseases or be utilized in the development of regenerative therapies.
CONCLUSIONS
Novel roles of Shh signaling in regulating cortical progenitor behavior, beyond forebrain patterning, are now beginning to be unraveled. With the availability of pharmacological modulators of Shh signaling, this pathway could be a promising treatment target for neurological disorders caused by defects in cortical development. Thus, further elucidation of the mechanisms controlled by Shh signaling in corticogenesis can lead to a better understanding of the etiology and treatment of complex neurological diseases.
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